development. Yet the mechanisms through which the motorneurons (MNs) specified in each abdominal heminervous system integrates Hb9 function with that of segment arise from roughly half the 30 NB lineages other neuronal fate determinants are largely unknown. In this paper, we present the identification and characterization of Drosophila Hb9. We address the relation-1 Correspondence: jskeath@genetics.wustl.edu
ship of dHb9 to three HD proteins known to govern exex Corresponds to Drosophila Hb9
The ability of exex to regulate neuronal fate by repressneuronal identity-Islet, Lim3, and Eve. Our data shed light on the mechanisms regulating the specific combiing eve places exex within the genetic regulatory network that governs neuronal fate. To begin to illuminate natorial expression of these factors. We find that dHb9 and Lim3 are activated independently of each other in the role exex plays in this network, we characterized exex at the molecular level. Standard meiotic mapping virtually identical patterns of ventrally and laterally projecting MNs. We also present evidence that dHb9 acts positioned exex between ru and h on the genetic map, and deficiency analysis localized exex to cytological pocell nonautonomously to repress Lim3 expression in a subset of dorsally projecting MNs. This result reveals sition 66B1-2. The subsequent completion of sequencing of the Drosophila genome facilitated a candidate a novel role for intercellular signaling in neuronal fate determination. In addition, genetic studies demonstrate gene approach to identify exex. We screened predicted genes in the region for a CNS expression pattern by RNA that dHb9 and the dorsal MN determinant Eve engage in a crossinhibitory interaction to help distinguish distinct in situ hybridization, and identified one gene, CG8254, expressed in the embryonic CNS (data not shown). To neuronal classes. Taken together, our work establishes dHb9 as a key component of the combinatorial code determine if this gene corresponds to exex, we sequenced the CG8254 coding region from larvae homozythat defines neuronal fates and elucidates the genetic regulatory network through which dHb9, Lim3, Islet, and gous for each exex allele. We found that each exex allele contains a distinct nonsense mutation in the CG8254 Eve control neuronal identity.
coding region ( Figure 1D ). These data and our finding that exex KK30 homozygous mutant embryos fail to produce detectable Exex protein ( Figure 2D ) demonstrate Results that the exex locus corresponds to CG8254.
Comparative sequence analysis indicates exex codes Eve Is Derepressed in exex Mutant Embryos
To identify genes required for proper neuronal fate specfor the Drosophila homolog of the vertebrate HD proteins MNR2/Hb9 ( Figure 1E ). Within the HD, Exex is 90% idenification in the Drosophila embryonic CNS, we conducted an EMS saturation mutagenesis of the third chrotical and 95% similar to MNR2/Hb9. The next most closely related Drosophila HD protein, Deformed, shares mosome and screened for changes in the CNS expression pattern of Eve (J.B.S. and C.Q. Doe, unpublished data).
only 68% identity with Hb9/MNR2, indicating that exex is the sole Hb9/MNR2 homolog in Drosophila. Therefore, We assayed for changes in Eve expression because Eve is expressed in a stereotyped pattern of eight dorsally from this point on, we refer to exex as dHb9. Outside the HD, the largest region of homology between dHb9 projecting MNs and 12 interneurons in each abdominal hemisegment ( Figure 1A expression of dHb9 initiates in the posterior midgut priTo examine more closely the cell fate changes that mordium at stage 7 (data not shown). By stage 9, dHb9 occur in exex mutant embryos, we set out to determine protein is present in the primordia of the anterior and the lineal origin of the ectopic Eve-positive neurons.
posterior midgut (Figure 2A ) and persists in anterior and Since in exex mutants, the ectopic Eve-expressing neuposterior regions of the endoderm throughout emrons arise immediately adjacent to the sibling aCC/pCC bryogenesis (data not shown). In the CNS, we first detect neurons, we hypothesized that, like aCC/pCC, the ecdHb9 protein expression during stage 11 in one-to-two topic Eve-positive neurons derive from the NB1-1 linmitotic GMCs and approximately 15 neurons per hemieage. To test this, we assayed whether an Eve-␤-gal segment ( Figure 2B ). dHb9 expression in the CNS peaks reporter gene normally expressed solely by the aCC/ at stage 14,when it is strongly expressed in approxipCC and RP2 neurons (Fujioka et al., 1999 ) is also exmately 30 neurons per hemisegment, including the wellpressed by the ectopic Eve-positive neurons in exex characterized RP1, RP3-5 MNs, and dMP2 and MP1 mutant embryos. In support of our model, both ectopic interneurons ( Figure 2C ; Figures 4B and 4E) . Thus, in Eve-positive neurons express ␤-gal in exex mutant emthe CNS, dHb9 expression is expressed almost exclubryos (arrowheads in Figure 1C ), indicating that the ecsively in a distinct population of postmitotic MNs and topic Eve-positive neurons likely arise within the NB1-1 interneurons, consistent with dHb9 regulating neuronal lineage. These date indicate that exex regulates neuidentity. ronal fate by repressing eve expression in the NB1-1
To verify the specificity of the dHb9 antibodies, we examined dHb9 expression in embryos homozygous for lineage. Figures  2G-2H) . Within the CNS, we find that dHb9-positive fail to detect dHb9 protein in embryos homozygous for the most 5Ј nonsense mutation, dHb9 KK30 ( Figure 2D Figure 3D ). In these embryos, all motor axons fuse with the ISN prior to et al., 1993) to visualize MN projections in embryos mutant for the null allele, dHb9
KK30
. The overall organization exiting the CNS. Thus, only a single nerve branch, a thickened ISN, forms in these embryos. The thickness of motor axon projections is normal, and we do not detect pathfinding aberrations in either SN branch or in of the ISN decreases dramatically in the lateral muscle region, suggesting that most axons acquire a laterally the ISN or ISNd. However, the ISNb branch exhibits two predominant phenotypes both resulting in a lack projecting ISN identity. Consistent with this, the ISN terminates prematurely in the dorsal body wall and often of innervation of the ventral muscle field. In 41% of hemisegments (n ϭ 188), the ISNb defasciculates from branches aberrantly in this region ( Figure 3D ). The defects in dorsal MN projections likely arise as a result the ISN and enters the ventral musculature, where the axons stall and growth cones accumulate (arrows in of the ability of dHb9 misexpression to abolish Eve in dorsally projecting MNs (see below and Discussion). We Figure 3B ). In 19% of hemisegments, the ISNb fails to defasciculate from the ISN and extends dorsally with conclude dHb9 misexpression forces MNs to acquire an ISN-projecting identity and preferentially induces these the ISN (anterior two hemisegments in Figure 3C ). Since dHb9 is expressed in the ISNb-projecting RP MNs, the MNs to project to the lateral body wall region. In combination with the loss-of-function analysis, these data aberrant pathfinding of ISNb in dHb9 mutants suggests that dHb9 promotes the differentiation of these neurons.
demonstrate that proper levels of dHb9 activity are re-these genes. To this end, we first generated Lim3-and Islet-specific antibodies because prior expression analyses of Lim3 and Islet used gene-specific reporter constructs ( (Figures 5C-5E ). In isl; dHb9 double mutants, the organization of motor axons into five nerve ping MN populations. This is, in fact, what we observe as dHb9 and Eve label mutually exclusive neuronal subsets branches usually occurs, though axonal outgrowth is substantially delayed relative to wild-type. In addition, (Figures 6A and 6B ). Lim3 and Eve also identify nonoverlapping sets of MNs, since they are only coexpressed the penetrance of ISNb phenotypes in isl; dHb9 double mutant embryos is dramatically higher than in dHb9 in the EL interneurons ( Figure 4C ). Together with our other expression analyses, these data show that dHb9/ single mutants (arrows in Figure 5C ). In 96% of hemisegments (n ϭ 86), the ISNb either bypasses the ventral Lim3 are expressed in the majority of Eve-negative MNs and demonstrate that dHb9/Lim3 and Eve identify dismuscle domain and extends along the ISN, or stalls shortly after it defasciculates from the ISN. Furthermore, tinct MN classes. As described above, dHb9 mutant embryos display we observe defects in the main ISN branch. In 32% of hemisegments (n ϭ 86), ISN axons defasciculate inseveral ectopic Eve-positive neurons ( Figures 1A and  1B) . Using the protein-positive dHb9 JJ154 allele (Figure appropriately, giving the ISN a "frayed" appearance (arrows in Figure 5D ). At lower frequency (5%), the ISNs 1E), we find that these ectopic Eve cells arise from cells that normally express dHb9 (data not shown), sugfrom adjacent hemisegments fuse (arrows in Figure 5E ). The ISN phenotypes are consistent with the presence gesting that dHb9 represses Eve cell autonomously. The nonoverlapping expression patterns of dHb9 and Eve of dHb9-positive axons in the ISN and demonstrate that like ISNb, the ISN is sensitive to dHb9 levels. Since it further indicate that dHb9 acts operationally as an Eve repressor in the CNS. To investigate whether dHb9 is is unclear whether Isl is expressed in ISN-projecting neurons, the ISN phenotype in isl; dHb9 embryos may sufficient to repress Eve, we misexpressed dHb9 in all postmitotic neurons and find that dHb9 represses Eve result from loss of isl and dHb9 activity either in common or distinct neuronal populations. In conclusion, the in all Eve-positive neurons except the EL neurons (compare Figures 6C and 6D) . By late stage 14, only one or widespread axonal phenotypes in isl; dHb9 double mutant embryos indicate that isl and dHb9 act in parallel to two weakly Eve-positive neurons remain in the positions normally occupied by the U, RP2, a/pCC, and fpCC regulate neuronal differentiation. Furthermore, the fact that the isl; dHb9 double mutant reveals a role for dHb9 neurons, while the cluster of Eve-positive EL interneurons appears normal (arrows in Figure 6D ). Thus, dHb9 in regulating ISN-projecting axons suggests that dHb9 expression is sufficient to repress Eve expression in all dorsally projecting MNs. The inability of dHb9 to repress Eve expression in the ELs suggests that the relative ability of dHb9 to repress Eve is controlled by factors expressed specifically in different neuronal types.
Eve Represses dHb9 in a Groucho-Dependent Fashion
The mutually exclusive expression patterns of Eve and dHb9 and the ability of dHb9 to repress Eve led us to investigate whether Eve exhibits a reciprocal ability to repress dHb9. We tested whether eve represses dHb9 whether Eve requires Gro to repress dHb9 in the CNS, serve as the source of the signal received by the U MNs. Taken together, these results uncover a novel role for we assayed dHb9 expression in eve null embryos that contain an eve transgene deleted for the Gro-interaction intercellular signaling in the establishment of neuronal fate in Drosophila. progeny produced within lineages. However, these ob- 
domain (Kobayashi et al., 2001). In these embryos, dHb9 is derepressed in RP2 and one of the corner cells (Figure 6F
)
, 1999). The we misexpressed Eve in all postmitotic neurons. In these common lineage of distinct neuronal populations necesembryos, dHb9 expression is abolished (Figures 6G and sitates the tight spatiotemporal regulation of factors di-6H), demonstrating that Eve is a potent repressor of recting these different identities. The importance of lindHb9 expression in the CNS. Thus, Eve is both neces

